The Mw 7.0 Kumamoto earthquake (Japan) occurred on 15 April 2016 -16:25 UTC. Using both borehole and surface ground accelerations recorded by Japanese strong motion network KiK-net, we investigate temporal changes of nonlinear site response in the shallow crust associated with Kumamoto earthquake. We compute the spectral ratios of windowed records from a pair of surface and borehole stations, and then use the sliding-window spectral ratios to track the temporal changes in the site response of various sites at different levels of peak ground acceleration(PGA). At the site OITH11 where two distinct groups of wave trains are recorded, the resonant frequency briefly recovers in between, and then followed by an apparent logarithmic recovery. We investigate the percentage drop of peak frequency and peak spectral ratio during the main shock at different PGA levels. Our results show clear drops of resonant frequency and peak spectra ratio of ~10-40% during the main shock, and the drops generally increase with the PGA level. 
INTRODUCTION
It has been known the oretically that nonlinear effects in near-surface deposits can be manifested in increased damping and reduced shear wave velocities (e. g., [1] [2] [3] ). Non-linear site response is characterized as de-amplification of ground motion and sharp reduction of resonance frequency, which has been revealed by previous measurements assessed using up hole/down hole data [4] [5] [6] .
On 15 April 2016, 16:25 UTC, an earthquake of magnitude Mw 7.0 struck Higashi Ward in the city of Kumamoto -Kyushu region in southwest Japan. Significant damages have been experienced in the prefectures of Kumamoto and Oita. The highest JMA intensity was reported during this event since the Mw 9.0off the Pacific coast of Tohoku Earthquake in 2011. The Kumamoto earthquake was well-recorded by K-NET and KiK-net, two strong motion networks operated by the National Research Institute for Earth Science and Disaster Resilience (NIED). Over 690 groups of three-component (E-W, N-S and U-D) accelerograms were recorded by strong motion stations with peak ground acceleration (PGA) at as high as ~1200 Gal [7] . This provides an invaluable opportunity for quantifying the degrees of nonlinear site response and the temporal changes over a wide range of PGA levels.
In this paper, using data recorded by pairs of surface and borehole KiK-net stations, we show temporal changes in the spectral ratio caused by the main shock, including the drop of the peak frequency and the following recovery process. Our results are useful for a broader improvement of the technical knowledge on nonlinear site response associated with large shallow crustal earthquake events, as well as for future development in quantifying temporal non-linear behavior of site response
DATA AND METHOD

Strong Motion Data
The strong motion dataset used in this study consists of three-component accelerograms recorded by the Japanese digital strong-motion seismograph network KiK-netoperated by National Research Institute for Earth Science and Disaster Resilience. The KiK-net strong motion network includes 659 stations with an up hole/down hole pair of strong-motion seismometers. Each KiK-net unit consists of three-component accelerometers and a data logger having a 24 bit analog-to-digital converter with a sampling frequency of 100 Hz [8] .
These data are available in a unified website for both K-NET and KiK-net networks(http://www.kyoshin.bosai.go.jp/). TableI shows selected foreshocks, aftershocks, and the main shock earthquake events used in the present study. Strong motions of the Kumamoto main shock (MJMA 7.3, 04/16/2016 (local time)) are recorded at KiK-net stations KMMH09,KMMH02, OITH08, and OITH11. We analyze seismic records of 4 foreshocks, the main shock, and 5 aftershocks for the station KMMH09, and 2 foreshocks, the main shock, and 6 aftershocks for KMMH02. We also analyzed 1 foreshock, the main shock, and 6 aftershocks for OITH08, and 2 foreshocks, the main shock, and 6 aftershocks for OITH11. The magnitudes of the foreshocks and aftershocks of the 2016 Kumamoto Earthquake range from 4.1 to 6.5. These stations are chosen mainly because much higher PGAs and clearer temporal changes in resonance frequency and amplification than those at other stations, allowing us to better quantify temporal changes associated with the strong ground motion caused by the Kumamoto main shock.
The K-NET and KiK-net unified website also provides soil profile data at strong motion station locations. Figure 1 shows PS well-logging data at the four stations. The acceleration seismometers are installed on the ground surface and at the bottom of a borehole, of which the depth is 100 m at KMMH09, KMMH02 and OITH08,and 150 m at OITH11. The four stations show strong velocity contrast between the surface soil layers and the underlying bedrocks. The soil layers at the top several tens of meters generally consist of clay, sandy clay, filling, and gravel with very low S-wave velocities of ~100-300 m/s. The bedrocks are typically conglomerate, argillite, shale, and sandstone with S-wave velocities of ~700-5000 m/s. 
Spectral Ratio Method
A main obstacle of identifying non-linear site response is that the contribution of source, path and site effects coexist in the seismograms. A straight forward way to isolate a site amplification function is to take the ratio of Fourier amplitude spectrum by using the up hole /down hole data [4] [5] 9] . We measure the acceleration spectral ratio of seismic waves recorded on the ground surface to that at the bottom of a borehole at each station. All spectra ratios are calculated as follows: (1) use 5 s time windows that are moved forward by 2 s for all waveforms recorded by the surface and borehole stations; (2)the windows are tapered; (3) the Fourier amplitude spectrum is calculated and then smoothed by applying the moving average smoothing algorithm in Matlab; (4) use the smoothed Fourier amplitude spectrum for calculation of power spectra; (5) add the power spectra of the two horizontal components and take the square root of the sum to get the amplitude of the vector sum of the two horizontal spectra for surface and borehole records; (6) the ratio of the horizontal spectra for surface and borehole is calculated.
All possible seismic phases, including pre-event noise, P, S and coda waves are analyzed together, and the PGA value is measured for each window and calculated as the geometrical mean of the E-W and N-S component. We calculate signal-tonoise ratio of each recording by dividing the smoothed amplitude spectra of the S- wave and the pre-event noise. We only use the data in the frequency band where the signal-to-noise ratio is higher than five.
RESULTS
After processing all the data, we obtain 1170 spectral ratio traces for all the four stations from the sliding-window based analysis. The running spectral ratios show clear decreases in peak spectral ratios and peak frequencies at the time of the Kumamoto main shock, followed by an apparent logarithmic-type recovery. More interestingly, the station OITH11 also recorded a MJMA5.7 aftershock in the central part of the Oita prefecture, which occurred approximately 30seconds after the main shock [7, [10] [11] . There are two bursts of wave trains in the acceleration time series. Recorded PGA during the MJMA5.7 aftershock is much higher than the main shock (Figure 2 ), and the de-amplification and frequency drop during the aftershock are more significant than those during the main shock. Peak frequency briefly recovers in between, and then followed by an apparent logarithmic recovery. The observed characteristics of recovery are consistent with those observed during the2000 Western-Tottori Earthquake event, and the2011 Mw9.0 off the Pacific coast of Tohoku earthquake [9, [12] [13] .
To better quantify the temporal changes in site response associated with different levels of ground shaking, we sort the spectral ratios traces by their PGA values, and group them into eight bins with PGA of 0-10 gal ,10-20 gal, 20-30gal, 30-50gal, 50 100gal, 100-200gal, 200-500gal and 500-1000gal. We identify the peak spectral ratio and peak frequency of the stacked trace at each PGA bin, and then compute the percentage drop of peak frequency and peak spectral ratio. The reference values of peak frequency and peak spectral ratio at each site are obtained by averaging all the spectral ratio traces for the windows before the P-arrivals of all the earthquakes at that site. Figure 3 shows the average peak frequency and peak spectra ratio for grouped PGA bins for the stations OITH08, OITH11, KMMH02 and KMMH09.Our results show clear drop of both peak frequency and peak spectra ratio in all four stations. The station KMMH09 experience the largest drop of resonance frequency from 10 Hz to ~ 7 Hz, and drop of peak spectra ratio from 17 to ~10. The station OITH08 has the highest resonance frequency of ~15 Hz, while its drop of resonance frequency and peak spectra ratio is the smallest of the four stations. According to Figure 4 , the percentage drop of peak frequency and peak spectral ratio range from 10-40%,and generally increase with the PGA level, which is smaller than the Tohoku Mw 9.0 earthquake as revealed by previous studies [9] . Within all four stations, the station OITH08 shows the smallest drop of ~ 10% in peak frequency and peak spectra ratio, possibly due to the relatively lower PGA of ~150 gal. The station KMMH09 shows the largest drop of peak frequency and peak spectral ratio of ~40%, while the PGA (~ 300 gal) of station KMMH09 is not the highest, suggesting that site conditions, such as soil types, VS30, S-wave velocity contrast between soil layers and bedrock, may also play a role in controlling the degree of nonlinearity.
